Radiofrequency catheter ablation (RFCA) is widely used for the treatment of various types of cardiac arrhythmias. Typically, the efficacy and the safety of the ablation protocols used in the clinics are derived from tests carried out on animal specimens, including swines. However, these experimental findings cannot be immediately translated to clinical practice on human patients, due to the difference in the physical properties of the types of tissue. Computational models can assist in the quantification of this variability and can provide insights in the results of the RFCA for different species. In this work, we consider a standard ablation protocol of 10 g force, 30 W power for 30 s. We simulate its application on a porcine cardiac tissue, a human ventricle and a human atrium. Using a recently developed computational model that accounts for the mechanical properties of the tissue, we explore the onset and the growth of the lesion along time by tracking its depth and width, and we compare the lesion size and dimensions at the end of the ablation.
Introduction
Radiofrequency ablation (RFA) is a common treatment for cardiac arrhythmias. Through a catheter advanced into the patient's heart, radiofrequency current is delivered to the tissue which produces resistive heating in the neighborhood of the electrode, while conduction propagates the heat to the immediate surrounding tissue. At a temperature of 50
• C the tissue is irreversibly damaged and a permanent lesion develops [3] . RFA is generally safe, however life-threatening complications can occur, including the formation of thrombi due to blood overheating at 80
• C and steam pops at temperatures of 100
• C within the tissue, which are among the most severe complications [3] .
Typically, ablation protocols are designed and tested using in-vitro, ex-vivo and in-vivo experiments on animals. Porcine cardiac tissue is commonly used in the experiments to assess the efficacy and the safety of the RFA treatment [1, 5] . However, the biophysical, mechanical and physiological properties of the porcine cardiac tissue differ from the corresponding human ones [6] , thus a direct translation of the experimental results to clinical practice can lead to insufficient treatment or potential life-threatening complications. Computational models can be a valuable asset in the assessment of RFA protocols. The efficacy and safety of the procedure can be directly assessed on simulated human tissue using the reported physical properties in the literature, thus avoiding the translation of data from experiments that use porcine tissue.
In this study, we investigate the interspecies variability in the RFA treatment using a recently developed computational model [5] which includes the mechanical properties of the tissue. We simulate a commonly used ablation protocol on cardiac tissue of two species: porcine and human. Two different ablation sites are considered in the case of the simulated human tissue: an atrium and a ventricle.
Computational model

Geometry
Based on an experimental setup similar to [1] , an 80 mm × 80 mm × 80 mm box is constructed that includes blood (top 40 mm), cardiac tissue of thickness H mm and an external factors board (bottom 40 − H mm). Within the blood compartment, the catheter is placed perpendicularly to the tissue at the middle of the box. We consider a 6-hole electrode with a hemispherical tip and a thermistor inspired by RFA catheters commonly used in clinics, as described in [5] . Figure 1 shows a sample computational geometry for a tissue thickness of H = 20 mm.
Due to the contact with the catheter, the tissue undergoes a mechanical deformation. The vertical deformation is described in [5] and is formulated as
where R is the radius of the electrode, ω max is the maximum indentation depth, a is the contact radius of the electrode with the tissue and r is the planar distance from the center of the electrode. The indentation depth and contact radius can be computed using the contact force F , the Young's modulus E and the Poisson's ratio ν of the tissue, as follows: 
The deformation of the tissue is directly embedded in the construction of the computational geometry.
Governing equations
The blood flow and its interaction with the irrigated saline in the blood compartment Ω blood of the geometry are modelled using the incompressible Navier-Stokes equations
where u is the velocity, σ(·, ·) is the stress tensor and p is the scaled pressure. A constant inflow is considered in one of the sides of Ω blood with its corresponding outflow conditions at the opposite side. A constant inflow is also considered from the saline irrigation holes on the electrode flowing radially within Ω blood . The remaining interfaces of Ω blood are equipped with no slip conditions. A modified Penne's bioheat equation tracks the changes in the temperature of the geometry Ω over time
where T is the temperature, t is the time, ρ is the density, c(T ) is the specific heat, u is the velocity, k(T ) is the thermal conductivity, σ(T ) is the electrical conductivity and Φ is the electrical potential. A temperature of 22
• C is assumed on the interface between the irrigation holes and the blood compartment Ω blood to model the cooling effect of the saline, while insulation boundary conditions are applied on the irrigation tubes and the catheter body. A constant body temperature of 37
• C is imposed on all outer boundaries of the computational domain Ω. The spatial distribution of the potential follows a quasi-static equation, augmented with a power constraint for constant power ablations
where P is the power dissipated within the computational domain Ω. A potential V 0 is applied on the interface of the catheter and the electrode, tuned to match the power P dissipated in the computational domain Ω. The dispersive electrode is placed at the bottom of Ω, where zero potential is imposed. All the remaining surfaces are considered electrically insulated. More details on the computational model can be found in [5] .
Parameters
The parameters considered in the computational model are summarized in Table 1 . The specific heat c, thermal and electrical conductivities k and σ are considered temperature dependent within the tissue:
The electrical conductivity of the external effects board σ b is tuned to match the initial resistance of the system, and the power delivered to the tissue, which is calculated as follows:
where A tissue and A blood are the surface areas of the electrode in contact with the tissue and the blood respectively, σ are the electrical conductivities of the tissue and the blood at body temperature and P abl is the total power set by the ablation protocol. The initial resistance of the system is set as 120 Ω. More details on the calculation of σ b can be found in [5] .
In our extensive literature review, no work has been found that addresses differences in biophysical properties on different regions of the human heart. Thus, we assume that the human atrium and ventricle have the same biophysical properties, which are drawn from [2] at body temperature. The temperature dependence of the specific heat and thermal conductivity can be calculated from [10] . No data were found for the dependence of the electrical conductivity of the myocardium on the temperature, thus values for the human liver are considered, since a similar behavior is reported for other species [6] . The mechanical properties for human cardiac tissue are summarized in [7, 9] .
The thickness of the porcine cardiac wall is considered as H = 20 mm [4] . Two different substrates are modelled for the simulated human cardiac tissue: an atrium of H = 6 mm thickness and a ventricle of H = 12.5 mm [8, 11] . 
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Results
We simulate a standard constant power ablation protocol of 30 W, with a contact force of 10 g for a total of 30 s of ablation. The blood flow protocol is set to 0.1 m s −1 and the saline irrigation rate to 17 ml min −1 . This ablation protocol is typically used in RFA experiments [1] . We identify the computational lesion by the 50
• C isotherm contour: the quantities measured are the depth (D), the width (W ), the depth at which the maximum width occurs (DW ), the surface area of the lesion (SA) and the volume (V ). In addition to the lesion size dimensions mentioned above, we track the maximum temperature in the tissue and the blood. Details on the measurement of these quantities can be found in [5] .
The computational results are shown in Table 2 . The lesion on the human atrium appears to be the biggest in volume, while the smallest is on the human ventricle. The depth in the porcine cardiac tissue and the human atrium are comparable, while the lesion is more shallow in the human ventricle. A bigger difference appears in the measured width. In particular, a difference of nearly 1 mm is observed between the cases of human atrium and ventricle, while the porcine lesion width is comparable with the human ventricle one. The morphology of all three lesions appears to be different, with significant changes in the depth at which the maximum width occurs. Though the maximum width of the lesions on the human specimen appears to be more shallow, there is no surface burning. A small surface burn is present in the case of the porcine cardiac tissue.
The temperature of the tissue is similar in the cases of the porcine cardiac tissue and the human atrium, while it is about 5
• C lower in the human ventricle. On the contrary, the blood temperature is much lower in the porcine cardiac tissue. The temperature difference with respect to the human tissue is bigger than 10
• C for the atrium and around 5
• C for the ventricle. To further compare the results on the three types of tissue considered, we explore in Figure 2 the evolution of the width and the depth of the lesion throughout the duration of the ablation. We observe that the lesion is created almost at the same time on the porcine cardiac tissue and the human atrium, while the one in the human ventricle is delayed by 0.8 s. The depth of the lesion in the porcine case is consistently larger than the one in the human tissue. The depth of the lesion in the human atrium case is initially similar to the human ventricle case, but after 20 s it increases to a depth comparable to the porcine case. On the contrary, the width of the lesion in the human atrium is larger than the other cases throughout the duration of the ablation, while comparable values appear between the human ventricle and the porcine tissue.
Finally, to explore morphological differences of the lesions, we show in Figure 3 the medial and lateral view of the 50
• C isotherm contour within the tissue at the final time of the ablation. All three lesions appear tilted towards the direction of the blood in the lateral view, while they are symmetric in the medial view, as previously observed in [5] . The lesions in the human tissue appear elongated and less spherical than the ones in the porcine tissue, which is reflected in the difference in the depth of the maximum width in Table 2 .
Conclusions
We explored interspecies variability during RFA treatment, comparing the resulting lesion size dimensions of the ablation process on a porcine cardiac tissue, a human ventricle and a human atrium. Our computational results indicate that the lesion characteristics are different in all three cases. The human atrium provides the largest lesion overall. The depth of the lesion in the porcine cardiac tissue case is larger than the one on the human tissue throughout the ablation process. Thus, a direct application to a human patient of a protocol based on the achievement of a specific lesion depth in porcine tissue would result in too small lesions and insufficient treatment in cases that transmural lesions are targeted.
The width of the lesion in the human atrium is at least 0.7 mm larger than the other two cases. In addition, the lesions in the simulated human tissue appear less spherical than the porcine one. A direct translation from porcine data to the human atrium would affect the efficiency of the RFA process, indicating that a larger number of lesions are required when targeting isolation lines in the atrium.
The maximum tissue temperature in the atrium and the porcine tissue are comparable, however there is a difference of more than 10
• C the maximum blood temperature. Regarding the human ventricle, the tissue temperature is lower than the porcine one, however the maximum blood temperature is about 5
• C higher. This indicates that the results on porcine tissue can lead to blood overheating and thrombus formation if directly translated to human tissue. On the contrary, steam pops would be avoided as the maximum tissue temperature is overestimated, though the efficiency of the process can be reduced by inducing smaller lesions in the human ventricle.
